The synthetic all-trans isomer of ß-carotene was recently shown to possess antioxidant properties towards the formation of oxidized low density lipoprotein.
Introduction r 4 0
, , . of 18-carbon atoms and contains 11 conjugated douCarotenes, the major precursors of vitamin A (reti-ble bonds (1) . ß-Carotene is absorbed into the blood nol), are synthesized by plants but not by humans. via the lymphatic system and is transported in the ß-Carotene, the major carotenoid in human plasma, circulation by plasma lipoproteins, mainly low density is a symmetrical molecule containing 2 ß-ionone rings lipoprotein (LDL) (2) (3) (4) (5) . ß-Carotene has several difconnected by an hydrocarbon chain, which consists ferent effects, including growth promotion, develop-ment of skin and tissues, electron transfer reactions and maintenance of the integrity of cell membranes and cell organelles. Epidemiological and biochemical studies suggest that -carotene possesses antiatherogenic, anticancer and antioxidant properties (6) (7) (8) (9) . Under a physiological oxygen partial pressure, -carotene acts as a radical-trapping agent and a chainbreaking antioxidant (10, 11) . The synthetic all-trans isomer of -carotene possesses different properties from the natural 9-cis isomer. The latter accounts for about 30% of the natural -carotene found in plants (the other 70% is the all-trans isomer) and it occurs in large quantities in the halotolerant algae, Dunaliella Bardawil (12, 13) . The 9-cis -carotene is more soluble in hydrophobic solvents than the all-trans form, and it is not easily crystalized (13, 14) . These properties may be responsible for the difference in absorption of the isomers and for the preferable accumulation of the 9-cis isomer in the liver of rats and chicks after feeding natural -carotene (13) . Dietary supplementation with -carotene or vitamin E, as well as in vitro enrichment of plasma with these substances, have been shown to result in their binding to plasma lipoproteins and in lipoprotein resistance to in vitro lipid peroxidation (6, 15 -18) .
Oxidative modification of LDL leads to enhanced macrophage uptake of the modified lipoprotein (19) and to macrophage cholesterol accumulation, which is an early event in atherogenesis (19 -21) . Since oxidized LDL exists in vivo (22) , the oxidation state of the lipoprotein as well as its susceptibility to lipid peroxidation are both important features of its atherogenicity (23) (24) (25) .
Substances which may affect LDL susceptibility to oxidation include the content of its various fatty acids and antioxidants (17, 18) , which can also affect the extent of LDL cellular uptake by macrophages (16 -21, 26, 27) . Studies of the effect of -carotene on LDL oxidation and on macrophage uptake of the lipoprotein (7, 17) have been reported using only the synthetic all-trans isomer. The present study was undertaken in order to analyse the in vitro binding properties to plasma lipoproteins of the all-trans and the 9-cis isomers of -carotene, to compare their effect on lipoprotein susceptibility to lipid peroxidation, and to analyse their effect on the cellular uptake of the oxidized lipoproteins.
Materials and Methods

Material
The synthetic -carotene o\\-trans isomer was obtained from Hoffman La Roche (Basel, Switzerland) and the natural Dunaliella Bardawil -carotene was obtained from the National Institute of Oceanography, Tel Shikmona, Haifa, Israel.
-Carotene was dissolved in tetrahydrofuran or in hexane, or it was incorporated into phospholipid liposomes. A solution of -carotene (l g/l) was added to a dispersion of chromatographically pure egg phosphatidylcholine (10 g/1) (Sigma Chemical Co., St. Louis, MO) to give a concentration of 10mg/l -carotene (the solvent volume was therefore 1 % of the total incubation volume). This mixture was sonicated at 4 °C under argon for 20 minutes (x 3) followed by centrifugation (1500g, 10 minutes), and the liposomes were collected by filtration through a 0.45 μηι filter (28) . Since carotenoids are very sensitive to light-induced oxidation, all carotene preparations were kept in covered bottles under nitrogen at -20 °C. The concentration of the -carotene solutions was determined from the UV absorption using an appropriate standard, and the -carotene was identified by HPLC. LDL was used at a protein concentration of 1 g/1. Control incubations (without -carotene) always included the appropriate solvent.
Lipoproteins
Blood was drawn from 25 normolipidaemic males aged 23 -30 years into Na 2 EDTA (1 mmol/1) after a 14-hour of fast. Plasma lipoproteins were separated by density gradient ultracentrifugation (29) and dialysed against saline-EDTA. For LDL oxidation, the lipoproteins were diluted in phosphaterbuffered saline to a protein concentration of 500 mg/1 and dialysed overnight against phosphate-buffered saline at 4 °C. The lipoproteins were then incubated in the presence of 10 μιηοΐ/ΐ CuSO 4 at 37 °C for 24 hours. Oxidation was terminated by refrigeration and the addition of 0.1 mmol/1 EDTA. The degree of lipoprotein oxidation was determined by analysis of malondialdehyde equivalents using the thiobarbituric acid reactive substances assay, as well as by analysis of the lipoprotein peroxide content (30, 31) . The presence of reactive amino groups on the LDL apolipoprotein B-100 molecule was estimated with trinitrobenzene sulphonic acid (32) .
Lipoprotein (50 μg of protein) was mixed with 1 ml of 40 g/1 NaHCO 3> pH 8.4, and 50 μΐ of 1 g/1 trinitrobenzene sulphonic acid. After incubation for 1 hour at 37 °C, the reaction was terminated by the addition of 100 μΐ of 1 mol/1 HCl and 100 μΐ of 100 g/1 sodium dodecyl sulphate, and the absorbance at 340 nm was measured. LDL electfophoresis was performed on cellulose acetate in barbital buffer, pH 8.6 (33) . Protein content of the lipoproteins was determined by the Polin phenol reagent (34) .
The vitamin E content of the lipoproteins was analysed (using α-tocopherol diluted in ethanol as an external standard), and the concentration of total carotenoids was determined in the LDL using -carotene as a standard. Two ml of LDL (concentration 1 g/1) were mixed with 2 ml of 100 g/l KOH (in ethanol) and saponified for one hour at 60 °C. This saponification procedure was necessary for phase separation in samples with high lipid concentrations. After cooling, 2 ml of hexane were added and the hexane phase was then separated by centrifugation at 500 g for 10 minutes. The absorbance of the LDL lipids was scanned from 200 nm to 700 nm versus hexane using a flowthrough spectrophotometer (model 8452A Diode Array, Hewlett-Packard, Rockville, MD). The total carotenoid concentration was calculated, using the extinction coefficient (for 1% solution) of 2550 at 450 nm. The vitamin E content was calculated, using the extinction coefficient of 71 at 292 nrn (13) . To measure the -carotene isomers, the hexane phase was evapô rated to dryness under nitrogen, the residues redissolved in a minimal volume (200 μΐ) of hexane, then injected into a high performance liquid chromatpgraphy (HPLC) analyser. A stainless steel column (25 χ 4.6 mm i. d.) packed with C18 reversed phase material of 5 μηι particle size was used. Elution was performed with methanol: acetonitrile (9 4-1, by vol.), at 1 ml/ min. A gradual increase of retention time after about 20 injections of sample was reversed by washing the column with methanol: acetonitrile: methylcne chloride (8 4-l -h l, by vol.). LDL fatty acid composition was analysed after methylation by gas chromatography (35) . Cell-free LDL degradation was minimal and was subtracted from total LDL degradation. The cell layer was washed three times with phosphate-buffered saline then extracted by incubation for l h at room temperature with 0.5 ml of 0.1 mol/1 NaOH for measurement of protein (34) .
Statistics
Student's t-test was performed for all statistical analysis. Results represent mean ± S. D.
Results
Incubation of ß-carotene with isolated lipoproteins or whole plasma ß-Carotene (10 mg/1) was incubated with plasma lipoproteins (protein concentration 1 g/1) for 2 hours at 37 °C, followed by separation of the lipoproteins on a Sephadex G-100 minicolumn. Substantial binding of the ß-carotene to VLDL, LDL and HDL was noted ( fig. 1 ). ß-Carotene from Dunaliella (a mixture composed of 30% 9-cis isomer and 70% of the all-trans isomer) was shown to bind to the lipoproteins and increased the content of ß-carotene in VLDL, LDL and HDL by 121%, 38% and 22% respectively (fig. la).
Incubation with synthetic ß-carotene (all-trans isomer) resulted in an elevation of the ß-carotene content of the lipoprotein by 100%, 27% and 44% in VLDL, LDL and HDL, respectively, compared with control lipoproteins (preincubated without ß-carotene) (fig. la). In parallel, the oxidation rates of VLDL, LDL and HDL (measured as malondialdehyde equivalents), were reduced by the ß-carotene-Ztofl/zWfo by 23%, 33% and 32% respectively (fig. Ib, #2 vs. #1). Synthetic carotene, under similar experimental conditions, showed a much higher inhibition of lipoprotein oxidation than the mixed isomer preparation. Lipoprotein-associated malondialdehyde concentrations were reduced by 52%, 50% and 45% in VLDL, LDL and HDL, compared with control lipoproteins The fatty acid content and distribution in all lipoproteins was not significantly affected following lipoprotein incubation with ß-carotene (data not shown). We next studied ß-carotene binding to the lipoproteins after 2 hours of incubation of fresh plasma with 10 mg/1 of ß-carotene. Plasma concentration of ß-carotene was increased from 1.52 ±0.12 / to 4.40 ± 0.08 or 3.80 + 0.06 /l ( = 4), following incubation with ß-carotene -Dunaliella or with the synthetic all-trans isomer, respectively.
Upon separation of the plasma lipoproteins, the content of ß-carotene in VLDL, LDL and HDL was shown to have increased by about 160%, 100%, and 30%, respectively, over the control lipoproteins (incubated without ß-carotene). Similar results were obtained with both isomers of ß-carotene ( fig. 2 ).
When the incubation time was increased from 2 hours to 24 hours, the ß-carotene content of plasma lipoproteins was further increased by only 19-29 percent (data not shown). The extent of lipoprotein oxidation was determined by analysis of the lipoprotein-associated peroxides, by determination of the malondialdehyde equivalents, and by determination of trinitrobenzene suiphonic acid reactivity (which measures free lysine amino residues). In both VLDL and LDL, ß-carotene from Dunaliella reduced the peroxide and malondialdehyde contents and inhibited the reduction in trinitrobenzene suiphonic acid reactivity by 15 -31% in comparison with the control lipoproteins ( fig. 3 a-c, #2 vs. #1). Synthetic ß-carotene ( fig. 3, #3 ) was a stronger inhibitor of lipoprotein oxidation than the ß-carotene from Dunaliella ( fig. 3, #3 vs. #2). This synthetic isomer resulted in a further reduction (by 20 -30%) of the peroxide and malondialdehyde contents ( fig. 3a,b) and an increase (20-25%) of trinitrobenzene suiphonic acid reactivity ( fig. 3c ), compared with the effect of ß-carotene from Dunaliella. The HDL fraction, in comparison with VLDL and LDL, showed a much lower oxidation rate, and the effect of ß-carotene on HDL oxidation was minimal ( fig. 3 a-c) . The greater inhibition of LDL oxidation by the synthetic, all-trans isomer than by the natural ß-carotene from Dunaliella was further studied. When natural ß-carotene from Daniella enriched with the 9-cis isomer (45% 9-cis compared with 30% in the original ß-carotene from Dunaliella) was used, there was only a minimal inhibitory effect on copper ionmediated LDL oxidation (malondialdehyde 31 + 5 vs. 24 ± 4 nmol/mg protein in LDL treated with the 9-cw-enriched carotene, compared with the ß-carotene from Dunaliella\ the oxidation rate of control LDL (with no added ß-carotene) corresponded to a malondialdehyde content of 35 ± 4 nmol/mg protein). The effect of ß-carotene on the physicochemical properties of LDL Analysis of the distribution of the isomers (9-cw and all-trans) in LDL following iipoprotein incubation with ß-carotene from Dunaliella, revealed that both isomers possess the ability to bind to plasma LDL ( fig. 4) , and their distribution in the lipoprotein was similar to that found in the ß-carotene from Dunaliella. incubation of LDL with the all-trans isomer (10 mg/1), but not with the ß-c^otene from Dunaliella, was shown to affect the electrophoretic mobility of the lipoprotein with a reduction in its migration from 1.3 ± 0.2 to 0.9 ± 0.1 cm from the origin (n = 3). Trinitrobenzene sulphonic acid reactivities of LDL, incubated with no addition (control), with ß-carotene from Dunaliella, or with the synthetic all-trans isomer were 3.3 ± 0.2,4.3 ± 0.3 of 5.7 ± 0.4 nmol/mg LDL protein, respectively (p < 0.01 vs. control, n = 3). These values correspond to 30% and 77% elevation in the availability of free lysine amino groups on the apolipoprotein B-100 of LDL following its incubation with the Dunaliella and the synthetic ß-carotene, respectively.
The effect of the ß-carotene carrier on its binding to plasma lipoproteins was studied. When dissolved in tetrahydrofuran, the Dunaliella ß-carotene resulted in 33-75% elevation in lipoprotein-associated ß-carotene, compared with ß-carotene dissolved in hexane (tab. 1). A similar effect (to that of tetrahydrofuran) was obtained when ß-carotene was encapsulated in liposomes (tab. 1). The effect of ß-carotene on LDL susceptibility to lipid peroxidation may depend on the location of the ß-carotene in the LDL molecule (i.e. is it bound to the surface lipids or is it incorporated into the core cholesteryl ester moiety of LDL?). In thin layer chromatography, purified ß-carotene migrated to the top of the plate (13.4 ± 0.2 cm from the origin), whereas purified cholesteryl ester migrated 12.5 + 0.3 cm from the origin. The cholesteryl ester spot of LDL (protein 1 g/1) that had been preincubated (2 hours, 37 °C) with any of the ß-carotene isomers migrated only to 11.2 + 0.5 cm from the origin (n = 3), as visualized by iodine vapor staining. This spot was found to contain ß-carotene (by HPLC analysis), suggesting that ß-carotene binds to the LDL cholesteryl ester moiety.
Vitamin E contents of VLDL, LDL and HDL were as follows: VLDL, 5.85 + 0.89 nmol/mg protein; LDL, 10.80 ± 0.70 nmol/mg protein; and HDL, 1.25 ±0.15 nmol/mg protein, (n = 3). The increased con-" tent of ß-carotene in the lipoproteins following their incubation with ß-carotene did not affect the content of vitamin E in all three lipoprotein fractions (data not shown). In vitro oxidation of plasma lipoproteins by incubation at 37 °C in the presence of 10 / CuSC>4, caused a substantial reduction in the content of lipoprotein-associated ß-carotene in control lipoproteins, as well as in lipoproteins that were preenriched with ß-carotene (tab. 2). The ß-carotene content of these latter oxidized lipoproteins, however, was not decreased to the levels found in control oxidized lipoproteins (tab. 2). Lavy I-labelled LDL (protein: 1 g/1) was incubated without (control) or with 10 mg/1 of ß-carotene from Dunaliella or synthetic ß-carotene for 2 hours at 37 °C, followed by lipoprotein separation on a Sephadex G-100 minicolumn. The lipoproteins were oxidized in the presence of 10 / CuSO 4 for 24 hours at 37 °C. J-774A.1 macrophages were then incubated with the oxidized lipoproteins (protein: 25 mg;/l) for 5 hours at 37 °C and cellular degradation of the oxidized LDLs was determined. * < 0.01 vs. control (n = 4). synthetic ß-carotene was decreased by 18% and 40%, respectively, compared with the control oxidized LDL ( fig. 5 ).
When a concentration of 125 I-labelled oxidized LDL (protein: 10 mg/1) was used in the presence of any one of the three types of unlabelled oxidized LDL (protein: 500 g/1), the degradation of the labelled oxidized LDL by J-774A.1 macrophages was decreased by 76% -85%. Thus, the oxidized, ß-carotene-enriched LDLs were degraded by the same macrophage receptor as the control oxidized LDL.
Discussion
The present study demonstrates that both isomers of ß-carotene (the synthetic all-trans isomer and the natural 9-cis isomer) can bind in vitro to plasma lipoproteins. This binding was shown by direct incubation of ß-carotene with the lipoproteins and also by ß-carotene incubation with whole plasma, followed by lipoprotein separation. These findings suggest that plasma constituents do not interfere with the binding of the ß-carotene isomers to the lipoproteins.
Although the 9-cis isomer of ß-carotene binds to the lipoproteins, its inhibitory effect on copper-mediated LDL oxidation was significantly less than that of the all-trans isomer. The susceptibility of lipoproteins to lipid peroxidation is dependent on their content of polyunsaturated fatty acids, as well as on the type and amounts of the antioxidants associated with the lipoproteins (17, 18) . No effect of ß-carotene could be found on the lipoprotein fatty acid composition. The content of vitamin E, a major antioxidant in plasma lipoproteins (16 -18) , was also not affected by the binding of ß-carotene to the lipoproteins. Thus, possible changes in lipoprotein-associated vitamin E could not be responsible for the selective inhibitory effect of ß-carotene isomers on lipoprotein oxidation.
The lower inhibitory effect of ß-carotene from Dunaliella on LDL oxidation compared with the synthetic all-trans isomer, could not be explained simply by the fact that ß-carotene from Dunaliella contains only 70% of the all-trans isomer, whereas the synthetic isomer is 100% all-trans, because inhibition by the natural ß-carotene was less than 70% of that shown by the synthetic ß-carotene. The relationship between inhibition of LDL oxidation and carotenoid content is not necessarily linear. It is also possible that binding of the 9-cis isomer to the lipoprotein has an effect on the interaction of the all^trans isomer with this lipoprotein. This is supported by the finding of reduced electrophoretic mobility and increased availability of free lysine axnino groups on the LDL apolipoprotein B-100 when the lipoprotein was enriched with the synthetic all-lrans isomer but not when it was enriched with the ß-carotene from Dunaliella.
In oxidized LDL, an increased electrophoretic mobility was associated with reduced trinitrobenzene sulphonic acid reactivity as a result of the binding of aldehydes to the free lysine amino groups on the LDL apolipoprotein B-100 (32) . Oxidized LDL was shown to be taken up by macrophages at an enhanced rate via the scavenger receptor and not via the LDL receptor (19) . In the present study binding of the alltrans isomer (the synthetic ß-carotene), decreased the electrophoretic mobility of LDL, compared with LDL treated with ß-carotene from Dunaliella and control LDL. This could be related to the increased availability of free epsilon amino groups of lysine on the lipoprotein. These groups may become exposed following LDL incubation with the all-trans isomer of ß-carotene as a result of alterations in the lipoprotein configuration.
LDL containing natural ß-carotene was less reactive with trinitrobenzene sulphonic acid than LDL containing synthetic ß-carotene. This rnay be the result of 9-cis interference with the effect of the all-trans isomer, or it may be simply due to the fact that natural ß-carotene contains less of the all-trans isomer than does the synthetic substance. Oxidized LDL has been shown to be atherogenic, in that it increases the macrophage cholesterol content and forms foam cells (19 -21) , as well as exerting a cytotoxic effect on cells of the arterial wall and on platelet activation (37, 38) . Thus, the ability of the all-trans isomer of ß-carotene to inhibit LDL oxidation more than the 9-cis isomer suggests that the all-trans isomer may be more antiatherogenic than the 9-cis isomer. The in vivo situations, however, may not correspond to that shown in our in vitro studies. Under physiological conditions [for example reduced partial oxygen pressure (11)] the isomers may interact differently with LDL.
The inhibition of LDL oxidation by ß-carotene was associated with a reduction in the cellular degradation of the oxidized LDL by J-774A.1 macrophages. The all-trans isomer of ß-carotene reduced LDL oxidation by 62%, and the cellular degradation of the resulting ail-/ra/w-enriched oxidized LDL was inhibited by 40%. In contrast, ß-carotene from Dunaliella inhibited LDL oxidation by only 33%, and the macrophage degradation of the resulting oxidized LDL was decreased by only 18%. Recently it was found (Levy, Ben Amotz, Brook and Aviram, unpublished observation) that following oral administration of the two ß-carotene preparations to humans, the all-trans isomer, but not the 9-cis isomer selectively appeared in plasma. In rats it was previously shown (13) that the 9-cis isomer of ß-carotene preferentially accumulates in the liver. Thus, the different isomers may be metabilized differently. The all-trans isomer may affect the oxidation of plasma lipoproteins, whereas the 9-cis isomer may affect more the lipid peroxidation in tissues; as well as cell-mediated oxidation of LDL.
In conclusion, the present study demonstrates that although both isomers of ß-carotene can bind to plasma lipoproteins, the synthetic all-trans isomer possesses greater antioxidant activity towards plasma lipoproteins in vitro.
